Although activation of the AMP-activated protein kinase (AMPK) as well as of ubiquitin/ proteasome degradative pathways play an essential role in the preservation of metabolic homeostasis, little is known concerning interactions between protein turnover and AMPK activity. In the present studies, we found that inhibition of the 26S proteasome resulted in rapid activation of AMPK in macrophages, epithelial and endothelial cells. This was associated with increased levels of non-degraded Ub-protein conjugates, in both cytosolic and mitochondrial fractions. Selective inhibitors of ubiquitination or siRNA-dependent knockdown of Ub-ligase E1 diminished AMPK activation in cells treated with MG132, a 26S proteasome inhibitor. In addition to inhibition of AMPK activation by Ub-ligase E1 inhibitors, deficiency in Park2 mitochondriaassociated Ub-ligase E3 also reduced AMPK activation upon dissipation of mitochondrial membrane potential (Δψm). Accumulation of Ub-proteins was correlated with decreases in cellular bioenergetics, including mitochondria oxidative phosphorylation, and an increase in ROS formation. Antioxidants, such as N-acetyl-L-cysteine or mitochondria-targeted MitoTEMPO, Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
The ubiquitin-proteasome system (UPS) is a major protein degradative pathway involved in the preservation of cellular structure and function [1, 2] . While the 20S proteasome is involved in direct protein hydrolysis, degradation of ubiquitinated proteins by the 26S proteasome is a relatively more important process in protein turnover [3] [4] [5] . In addition to facilitating protein turnover and removal of damaged proteins, ubiquitination and deubiquitination serve important roles signaling/regulatory pathways [6] [7] [8] . In addition to proteasome function, autophagy is important degradative/regenerative system that involves lysosome-dependent degradation of bulk proteins and cellular components, including mitochondrial quality control system we known as mitophagy [9] .
Ubiquitination of proteins designed for degradation is an ATP-dependent process and involves cooperation of three ubiquitin ligase enzymes. In particular, the ubiquitin moiety is transferred by Ubiquitin-activating enzyme E1 to the Ubiquitin-conjugating enzyme E2 followed by formation of ubiquitin chain ligation on target proteins by a substrate specific E3 ubiquitin ligase [10] . Selected components of the 26S cap proteins are involved in recognition and transport of ubiquitinated proteins for degradation by the 26S proteasome [11, 12] . Impairment of ubiquitin ligases is typically associated with the appearance of excess and misfolded proteins, whereas inhibition of the 26S proteasome results in accumulation of non-degraded ubiquitinated proteins. Prolonged proteasomal inactivation may lead to activation of alternative degradative pathways, including autophagy and mitophagy, or result in cell death [13] [14] [15] . Pathologic conditions associated with dysregulation of ubiquitin/proteasome degradative capacity are implicated in diabetes and obesity, inflammation, neurodegeneration and aging [16] [17] [18] [19] . For example, Ub-ligase E3 MG53 deficiency can trigger insulin resistance and cardiovascular complications associated with metabolic stress in animal models [20] . Aberrant function of E3 ubiquitin ligases, such as BRCA1, MDM2 or FANC, is associated with diminished DNA repair and increased risk of malignancy [21] [22] [23] [24] . Overall decline in proteasome/ubiquitin protein degradative function is a hallmark of aging [17] .
rearrangement [27] , that allows for phosphorylation and optimal activation of AMPK by upstream kinases [28, 29] . In addition to being activated through interactions with AMP and ADP, AMPK can be also activated by reactive oxygen species, particularly oxidative modification (glutathionylation) of specific cysteine thiols in the α and β subunits [30, 31] . Previous studies indicate that mitochondrial ROS can activate AMPK in many cell types, including lung fibroblast, epithelial and endothelial cells, and macrophages [32] [33] [34] . Once activated, AMPK switches on catabolic pathways to promote ATP synthesis and switches off biosynthetic pathways, thereby limiting energy expenditure and providing alternative sources of ATP production.
Although AMPK is a central energetic sensor and regulator of lipid and carbohydrate metabolism [26, 35] , AMPK also improved outcomes from cardiovascular complications, as well as diminished liver, kidney and lung injury, in murine models of acute inflammation [36, 37] . AMPK activators, including metformin, prevented disruption of vascular integrity in preclinical models of acute lung injury and airway remodeling in asthma [38, 39] . The AMPK/bioenergetics axis is linked to regulation of autophagy and mitochondrial biogenesis, as well as cellular redox status [9, 34, 40, 41] .
Although alterations in cellular bioenergetics and redox status can trigger AMPK activation, little is known about upstream signaling events responsible for the ability of mitochondria to modulate AMPK activity. One potential mechanism may be associated with imbalance in protein ubiquitination and degradation, including turnover of mitochondria-associated proteins. In the present experiments, we examined the hypothesis that protein ubiquitination and degradation plays an important role in regulating the mitochondria/AMPK signaling axis, including response to glucose and nutrients.
Materials and methods

Mice
Wild type C57BL/6J mice and B6.129S4-Park2tm1Shn/J deficient in Park2 Ub-ligase E3 (PARK2 −/− ) were purchased from The Jackson Laboratory (Bar Harbor, ME). Male mice, 8-10 weeks of age, were used for experiments. The mice were maintained on a 12-h lightdark cycle with free access to food and water. All experiments were conducted in accordance with protocols approved by the University of Alabama at Birmingham Animal Care and Use Committee.
Cruz Biotechnology (Santa Cruz, CA). Ubiquitin expressing DNA construct was obtained from Addgene (Cambridge, MA).Anti-LC3B and anti-VDAC1 antibodies were from Abcam (Cambridge, MA). Emulsion oil solution containing 4',6-diamidino-2-phenylindole (DAPI) was from Vector Laboratories (Burlingame, CA).
Cell culture
Macrophage cell line Raw 264.7 cells (ATCC) were cultured in DMEM medium with 8% FBS + 4.5g/l Glucose + L-glutamine. Thioglycollate elicited peritoneal macrophages were purified and cultured as previously described [33] . Bovine Aortic Endothelial Cells (BAEC) were cultured in DMEM medium containing 8% FBS whereas Human Epithelial Kidney Cells (HEK293) were cultured in RPMI1640 medium containing 8% FBS. Mouse embryonic fibroblasts (MEFs) were cultured in DMEM medium with 8% FBS. Wild type (AMPKα1/2 +/+ ) and AMPK deficient MEFs (AMPKα1/2 −/− ) were provided by Dr. Benoit Viollet (University of Paris, France). Cells were maintained at 37°C, 5% CO2 in humidified conditions.
Western Blot analysis
Western blot analysis was performed as described previously [42] [43] [44] . Each experiment was carried out three or more times.
Measurement of cellular bioenergetics
The bioenergetics of macrophages was determined using the XF24 analyzer from Seahorse Bioscience which measures O 2 consumption and proton production (pH) in intact cells, which can be ascribed to oxidative phosphorylation and glycolysis using inhibitors of metabolism as previously described [45] . Measurements were performed using macrophages (7.5 × 10 4 ) that were plated on XF24 plates after which they were treated with the compounds of interest. The plate was then washed with XF assay buffer (DMEM, 5% FBS supplemented with 5.5 mM, D-glucose, 4 mM L-glutamine, and 1 mM pyruvate, pH 7.4) and incubated in XF buffer for 30-60 minutes before the assay. After the assay, the cells were lysed with RIPA buffer and protein concentration was determined by DC Lowry assay. All results are corrected to protein levels.
Detection of Mitochondrial ROS formation
The intracellular level of superoxide generation by macrophages was measured using superoxide sensitive, mitochondria-targeted probe mitoSOX [46] . Briefly, Raw 264.7 cells loaded with mitoSOX (5µM) for 60 minutes were treated with MG132 (10µM) for 45 minutes and then fluorescence was determined using FACS analysis [47] .
Mitochondria isolation
Mitochondria were isolated from cultured cells using the nitrogen cavitation method as previously described with modification [48] . Briefly, the cells were washed once with icecold PBS and then scraped in 1ml of cavitation buffer (5mM HEPES, 3mM MgCl 2 , 1mM EGTA, 250 mM sucrose, containing protease and phosphatase inhibitors) and collected into a pre-cooled cavitation chamber (Parr Instrument Co., Moline, IL, USA). The cell suspension was subjected to 2000 p.s.i. for 5 minutes at 4°C and then released through outflow tubing attached to the valve localized at the bottom of the cavitation chamber. The crude mitochondrial fraction was collected after centrifuged at 500 g for 5 minutes at 4°C. The crude mitochondria were layered over a 1M/1.5 discontinuous sucrose gradients and centrifuged at 28,000 g for 60 minutes at 4°C. Mitochondria in a diffuse white band between the 1 M and 1.5 M sucrose layers were transferred to a 1.5-mL microcentrifuge tube and diluted 1 : 2 (v/v) in dilution buffer (5 mM HEPES, pH 7.4, 3 mM MgCl2, 1 mM EGTA, containing protease and phosphatase inhibitors). After gentle mixing the mitochondria were centrifuged at 20,800 g for 20 minutes at 4°C and pellet re-suspended in in RIPA lysis buffer.
Imaging mitochondria and Ub-protein conjugates
Peritoneal macrophages were incubated with 4% paraformaldehyde in PBS for 20 min at room temperature, then washed with PBS and permeabilized with 0.1% TritonX-100/PBS for 4 minutes. The cells were then washed and incubated with 3% BSA in PBS for 45 min, followed by the addition of anti-Ubiquitin mouse monoclonal and anti-GRP75 rabbit polyclonal IgG overnight at 4°C. The cells were then washed and incubated with fluorescent anti-mouse or anti-rabbit antibodies (Alexa-488 or Alexa-555) for 90 minutes at room temperature. After the cells were washed with PBS, they were mounted with emulsion oil solution containing DAPI to visualize nuclei. Confocal microscopy was performed as described previously, using a Leica DMIRBE inverted epifluorescence/Nomarski microscope (Leica Microsystems, Wetzlar, Germany) outfitted with Leica TCS NT laser confocal optics [49] .
Statistical analysis
Multigroup comparisons were performed using one-way ANOVA with Tukey's post hoc test. Student's t test for comparisons between two groups. A value of P less than 0.05 was considered significant. Analyses were performed on SPSS version 16.0 (IBM, Armonk, NY) for Windows (Microsoft Corp., Redmond, WA).
RESULTS
Inhibition of 26S proteasome is associated with rapid activation of AMPK
Although both cellular metabolism and protein turnover are involved in regulating cellular homeostasis, little is known about the influence of the ubiquitin/proteasome degradative pathway on AMPK activity. To examine this issue, Thr172-AMPK phosphorylation status was determined in Raw 264.7 macrophages before and after exposure to the cell-permeable 26S proteasome inhibitor MG132. As shown in Figure 1A , inclusion of MG132 in macrophage cultures resulted in dose-dependent activation of AMPK, as shown by increased levels of phospho-Thr172-AMPK and phospho-Ser79-ACC, a downstream target of AMPK. The MG132-dependent activation of AMPK was also found in cell populations other than macrophages, including endothelial and epithelial cells. As shown in Figures 1B and C, AMPK activation was accompanied by the accumulation of non-degraded ubiquitinated proteins. Of note, while inhibition of the 26 proteasome resulted in significant phosphorylation of Thr172AMPK, total amounts of the AMPKα subunit were not altered.
Accumulation of non-degraded Ub-protein conjugates is involved in AMPK activation
To examine if accumulation of non-degraded Ub-protein conjugates after 26S proteasome inhibition is responsible for AMPK activation, Raw 264.7 macrophages were treated with MG132 in the presence or absence of PYR41 or PYDZ4409, inhibitors of Ubiquitinactivating enzyme E1. As shown in Figures 2A-D , exposure to PYR41 or PYDZ4409 effectively diminished the accumulation of Ub-protein conjugates in MG132-treated cells and prevented AMPK activation. In confirmation of these results, we found that siRNAdependent knockdown of Ub-activating enzyme E1 also diminished activation of AMPK in MG132-treated cells, as shown by significant decrease in phosphorylation of pSer79-ACC ( Figure 2E ). Collectively, these findings suggest that accumulation of non-degraded ubiquitinated proteins are implicated in AMPK activation.
Mitochondrial bioenergetics and ROS are involved in AMPK activation after 26S proteasome inhibition
Previous studies have shown that dissipation of mitochondrial membrane potential (Δψm) and increase in mitochondrial ROS formation are important for AMPK activation in many cell populations [32, 33, 50, 51] . To examine whether alterations in cellular bioenergetics occurred after 26S proteasome inhibition, oxygen consumption and glycolysis rate was determined in MG132 treated macrophages. As shown in Figure 3A , culture of macrophages with MG132 resulted in significant decrease in basal, maximal oxygen consumption rate but with no significant change in bioenergetic reserve capacity. Basal ECAR (extracellular acidification rate) was not changed, which taken with the OCR measurements, suggests both a decreased bioenergetic demand and decreased mitochondrial capacity in the MG132 cells. Significant decrease in the oligomycin-stimulated ECAR was observed in MG132 treated cells, consistent with a suppressed glycolytic maximal capacity ( Figure 3B ).
As shown in Figure 4A , exposure of Raw 264.7 macrophages to MG132 for 60 minutes resulted in marked increase in superoxide formation, as compared to levels present in untreated cells. To examine a role for ROS in activating AMPK, Raw 264.7 cells were pretreated with the ROS scavenger NAC for 30 minutes, or incubated with the mitochondria-targeted antioxidant MitoTEMPO or control compound TPMP for 15 minutes, followed by culture with MG132 for an additional 60 minutes. As shown in Figures 4B and C, both NAC and MitoTEMPO, but not the control TPMP, diminished AMPK activation in MG132 treated cells (Figures 4B and C) . These results indicate that alterations in mitochondrial redox signaling are involved in 26S proteasome associated modulation of AMPK activation state.
Inhibition of Ub-ligase E1 diminishes FCCP-dependent activation of AMPK
Recent studies have suggested that accumulation of mitochondria-associated Ub-proteins, particularly in the area of the mitochondrial other membrane (MOM), are involved in regulating mitochondrial structure and function [52, 53] . As shown in Figures 5A and B , confocal microscopy revealed that Ub-protein conjugates are partially overlapped with mitochondrial staining in MG312-treated peritoneal macrophages. Moreover, Western Blot analysis evidenced that MG132-dependent activation of AMPK was associated with significant accumulation of Ub-protein conjugates in mitochondrial fractions ( Figure 5C Figure 5D ). Of note, PYR41 also prevented MG132-dependent increases of both ROS formation and AMPK activation ( Figures 5E and 2C ).
FCCP-induced dissipation of mitochondrial membrane potential (Δψm) has been previously demonstrated to be associated with the appearance of ubiquitinated proteins in MOM [54] . Therefore, we examined if stabilization or inhibition in the formation of mitochondriaassociated Ub-protein conjugates affects AMPK activity. As shown in Figures 6A and B , exposure of FCCP-treated cells to MG132 resulted in more robust and prolonged activation of AMPK, whereas pre-treatment with the Ub-ligase E1 inhibitor PYR-41 had opposite effects. These results suggest that accumulation of Ub-protein conjugates affect the mitochondria-AMPK signaling axis following depolarization of mitochondrial membrane potential.
Park2 Ub-ligase E3 modulates AMPK activity
Although the experiments described above indicate that accumulation of mitochondriaassociated Ub-protein conjugates is likely involved in AMPK activation, the role of the specific Ub-ligases E3 in regulating AMPK action was not explored. Among the group of recently described mitochondria-associated Ub-ligases E3, Park2 ligase has been found to process ubiquitination of proteins associated with MOM, particularly during depolarization of the mitochondrial membrane potential [54] . To determine a possible role for Park2 on AMPK activity, we used peritoneal macrophages isolated form control (wild type) and Park2 deficient mice (PARK2 −/− ). As shown in Figure 6C , FCCP-induced AMPK activation was reduced in Park2 deficient as compared to wild type macrophages. These results suggest that enrichment of mitochondria-associated Ub-proteins, including proteins ubiquitinated by Park2 Ub-ligase E3, is involved in AMPK activation.
Ub-protein conjugates affect glucose associated modulation of AMPK activation
Previous studies have shown that bioavailability of glucose and other nutrients can affect AMPK function [26] . Therefore, we examined whether Ub-protein conjugates may influence glucose-dependent regulation of AMPK activity. To explore this possibility, Raw 264.7 macrophages were cultured in low glucose (1.5 mM) and low serum (FBS; 0.5%) medium for 60 minutes and then exposed to higher concentrations of glucose (25 mM) or mannitol (25 mM) as a control. As shown in Figure 7A , increasing glucose concentrations in cultures effectively diminished phosphorylation of Thr172-AMPK as well as of the AMPK downstream target pSer79-ACC. Of note, proteasome inhibition through inclusion of MG132 in the cultures prevented the inhibitory effects of glucose on AMPK activation. We also found that while glucose starvation effectively increased AMPK activity, such activation diminished upon cellular exposure to the Ub-ligase E1 inhibitor PYR-41 ( Figure  7B ). These results suggest that the accumulation of Ub-protein conjugates influence glucose-dependent stimulation of AMPK activity.
Ub-protein conjugates affect AMPK-dependent autophagy/mitophagy
Autophagy is an important route of intracellular protein and organelles degradation/ recycling [13] . Recent studies have suggested that cross-talk exists between autophagy and the ubiquitin-proteasome system [55, 56] . As shown on Figure 8A , activation of autophagy was found in MG132-treated HEK 293 epithelial cells, as shown by increased expression of the autophagy marker LC3B-II, a lipidated form of LC3B that is recruited to autophagosomal membranes during autophagy. Accumulation of GFP-LC3B-II aggregates was completely prevented by the Ub-ligase E1 inhibitor PYR41 ( Figure 8B ). These findings are consistent with previous studies that showed involvement of Ub-protein conjugates in regulating autophagy/mitophagy [57] .
The relationship between AMPK activation and autophagy/mitophagy was determined in wild type (AMPKα1/2 +/+ ) and AMPK deficient MEF cells (AMPKα1/2 −/− ). Relatively short exposure of fibroblasts with MG132 without chloroquine produced little of no accumulation of LC3-BII. However, inclusion of MG132 and chloroquine in cell cultures resulted in robust increase in the amounts of LC3-BII in wild type, but not in AMPK deficient cells ( Figure 8C ). As shown in Figure 6D , AMPKα1/2 −/− MEF cells showed lack of AMPK-dependent phosphorylation of Ser555Ulk1, an essential component of pathways associated with mitophagy ( Figure 8D ) [9] .
DISCUSSION
In the present studies, we found that dysregulation of the ubiquitin/proteasome degradative pathway resulted in rapid activation of AMPK. In particular, AMPK activation was associated with accumulation of non-degraded Ub-protein conjugates, including enrichment of ubiquitinated proteins in mitochondrial fractions. While many studies have explored the relationship between cellular bioenergetics and AMPK activation, there is only limited information showing that ubiquitination may affect AMPK function. The 26S proteasome inhibitor bortezomib has recently been shown to induce protective autophagy through an AMPK-dependent pathway [58] . In contrast, ubiquitination of the AMPKβ subunit was implicated in diminished AMPK function in adipose tissue, while ubiquitination of the AMPKα subunit had only negligible effects on AMPK activation [59, 60] .
While our results do not preclude cell type-dependent and Ub-ligase E3 specific regulation of AMPK, they do suggest that a major regulatory mechanism of AMPK activity is related to the accumulation of Ub-protein conjugates in mitochondria, followed by alterations in mitochondrial bioenergetics and ROS formation [61] [62] [63] . The importance of mitochondrial bioenergetics in ubiquitination associated pathways is supported by studies showing that inhibitors of oxidative phosphorylation or dissipation in mitochondrial membrane potential (Δψm) stimulate ubiquitination of many proteins associated with the outer mitochondrial membrane (OMM) [54, 64] . We found that diminished protein ubiquitination or the accumulation of Ub-protein conjugates, due to inhibition of the Ub-ligase E1 or 26S proteasome, had modulatory effects on AMPK activation in FCCP-treated macrophages ( Figures 6A and B) . In additional experiments, we found that events occurring downstream of non-degraded Ub-protein conjugates, such as alterations in mitochondrial bioenergetics and ROS formation, were involved in AMPK activation. Such findings are consistent with previous studies that demonstrated the ability of mitochondrial bioenergetics and mitochondrially derived ROS to affect AMPK activity [30, 33, 50] .
Recent studies indicate that a specific subset of E3 Ub-ligases, including Park2, Mitol/ March5, Mullan, Mdm30, and Mfb1, are involved in ubiquitination and degradation of mitochondria-associated proteins [54, [65] [66] [67] . Although the processes involved in extraction of ubiquitinated proteins from the mitochondria and degradation of mitochondrial proteins are not completely delineated, knockdown of mitochondria-associated Ub-ligase E3 showed their involvement in mitochondrial function and morphology [52, 53] .
Although protein turnover is implicated in regulating the mitochondrial/AMPK signaling axis, identification of the specific Ubiquitin-ligases and substrates involved in mitochondrial bioenergetics and associated redox signaling may further support this emerging concept. Among mitochondria-associated Ub-ligases, Park2 was implicated in ubiquitination of many MOM proteins, particularly after Δψm dissipation [54] . Our results indicate that deficiency of Park2 produced at least a partial decrease in AMPK activation in FCCP-treated macrophages ( Figure 6C ). Although Park2 is involved in regulating mitochondrial function [54] , the precise mechanism through which ubiquitinated proteins affect mitochondrial redox pathways has not been delineated.
Bioavailability of glucose and nutrients has a major impact on AMPK activity and downstream effects on cellular metabolism [26] . We found that glucose -dependent regulation of AMPK activity can be influenced by either accumulation or absence of Ubprotein conjugates. Such findings suggest that modulation in the formation of Ub-protein conjugates or the activity of specific Ub-ligases may be a therapeutic approach to target AMPK activity and effects in diabetes and obesity. Recent study has shown that hyperglycemia enhances 26S proteasome activity and also that accelerated degradation of Ub-protein conjugates contributed to vascular inflammation in murine models of diabetes [68] . Moreover, mice that received the 26S proteasome inhibitor MG132 showed improvement of diabetic nephropathy [69] . AMPK activation is also known to diminish tissue injury associated with neutrophil and macrophage pro-inflammatory activation, such as acute lung injury [42] .
AMPK is a central metabolic switch between anabolic and catabolic processes, preserving energy homeostasis and cellular viability [26] . AMPK modulates protein turnover at several levels, including mTOR-dependent protein synthesis, transcriptional regulation, and affecting 26S proteasome function [26, 70] . AMPK can also activate alternative protein degradative pathways, including autophagy and mitophagy [9, 41] . Despite differences in mechanisms of protein degradation as well as in client proteins, cross-talk between the ubiquitin-proteasome and autophagy-lysosome system is implicated in many cellular functions [55, 56] . Our results indicate that under injurious inflammatory responses, such as those that occur in diabetes and aging in which the degradative ubiquitination/proteasome system is altered, AMPK-dependent autophagy should improve cellular bioenergetics and normalize redox status.
Conclusion
Our results indicate that proteasome/ubiquitin protein degradation pathways play a key role in regulating mitochondrial/AMPK signaling axis. In particular, these results delineate a new mechanism through which protein turnover links mitochondria bioenergetics, redox signaling and AMPK function. Our findings suggest that protein turnover affects activation of AMPK by glucose and the ability of AMPK to influence autophagy and mitophagy.
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Highlights
• Proteasome inhibition and accumulation of Ub-proteins increased AMPK activity
• Activation of AMPK is mediated through alterations in mitochondrial bioenergetics and ROS formation
• Ub-proteins influenced AMPK activation by diminished mitochondrial membrane potential, glucose bioavailability and autophagy/mitophagy
• Ubiquitin/proteasomal degradative pathways play a central role in regulating mitochondrial/AMPK signaling axis quantitative data (C) show the extent of pThr172-AMPK, total AMPK, Ub-protein conjugates and β-actin Mean ± SD, n = 3, * P < 0.05, ** P < 0.01. AMPK activity is dependent on accumulation of ubiquitinated proteins. Raw 264.7 cells were pre-treated with Ub-ligase E1 inhibitor PYR41 (0 or 50 µM) or PYZD4409 (0 or 50 µM) for 30 minutes followed by incubation with MG132 (0 or 10 µM) for additional 60 minutes. (A). Representative Western blots show the amount of Ub-protein conjugates and β-actin or (B) the extent of AMPK phosphorylation. Mean ± SD, n = 3, *** P < 0.001. Representative Western blots and quantitative data show the amounts of pThr172-AMPK, pSer79-ACC (mean ± SD, n = 3, * P < 0.05; ** P < 0.01 or *** P < 0.001. (C). Wild type (PARK +/+ ) and Park2 deficient (PARK2 −/− ) peritoneal macrophages were incubated with The effects of protein ubiquitination on glucose and nutrients-dependent regulation of AMPK activity. (A). Raw 264.7 cells were cultured in low glucose/serum medium for 60 minutes followed by inclusion of glucose (25 mM) and MG132 (0 or 10 µM) for additional 60 minutes. (B). Cells cultured in 25 mM glucose medium were exposed to low glucose (1.5 mM) in the presence or absence of PYR-41 (50 µM) for 60 minutes. Western blot and quantitative data in panels A and B show the extent of Thr172-AMPK and Ser79-ACC phosphorylation. Mean ± SEM, n = 3 -7, * P < 0.05 or ** P < 0.01. Proteasome/ubiquitin protein degradative pathway controls AMPK function. Proteasome inhibition and accumulation of non-degraded Ub-protein conjugates is associated with alterations in mitochondrial bioenergetics and ROS formation followed by activation of AMPK. Protein ubiquitination can also affect glucose-dependent regulation of AMPK activity. Once activated AMPK can influence bioenergetic and degradative pathways, including autophagy, mitochondrial quality control mitophagy and promotes fatty acids oxidation.
